Honey bee societies (Apis mellifera), the ectoparasitic mite Varroa destructor, and honey bee viruses that are vectored by the mite, form a complex system of host-parasite interactions. Coevolution by natural selection in this system has been hindered for European honey bee hosts since apicultural practices remove the mite and consequently the selective pressures required for such a process. An increasing mite population means increasing transmission opportunities for viruses that can quickly develop into severe infections, killing a bee colony. Remarkably, a few subpopulations in Europe have survived mite infestation for extended periods of over 10 years without management by beekeepers and offer the possibility to study their natural host-parasite coevolution. Our study shows that two of these "natural" honey bee populations, in Avignon, France and Gotland, Sweden, have in fact evolved resistant traits that reduce the fitness of the mite (measured as the reproductive success), thereby reducing the parasitic load within the colony to evade the development of overt viral infections. Mite reproductive success was reduced by about 30% in both populations. Detailed examinations of mite reproductive parameters suggest these geographically and genetically distinct populations favor different mechanisms of resistance, even though they have experienced similar selection pressures of mite infestation. Compared to unrelated control colonies in the same location, mites in the Avignon population had high levels of infertility while in Gotland there was a higher proportions of mites that delayed initiation of egg-laying. Possible explanations for the observed rapid coevolution are discussed.
Introduction
Coevolutionary theories in the study of host-parasite interactions indicate that antagonistic reciprocal selection pressures will lead to an "arms race" with a series of adaptations and counter-adaptations by the host and parasite (Thompson 1994) . Such antagonistic interactions actually accelerate molecular evolution compared to selection pressures of environmental changes (Paterson et al. 2010) . The evolutionary dynamics of a host-parasite coevolution can lead to a relatively stable relationship, that is, fitness optimality for the host and/or the parasite, by means of a natural selection process (Schmid-Hempel 2010) .
The ectoparasitic mite, Varroa destructor ( Fig. 1) , causes relatively little harm to its original host the Asian honey bee, Apis cerana, as behavioral and physiological traits of the host limit the mite population growth (reviewed in Rath 1999) . A long evolutionary process with natural selective pressures has shaped this stable host-parasite relationship. Varroa mites were introduced to the Western honey bee, Apis mellifera, over 30 years ago and has since become the largest threat to honey bees and apiculture around the world. The mite is in part responsible for the recent global honey bee colony losses that have caused ecological and economical pressures on plant biodiversity and crop production, respectively (Potts et al. 2010) . The coevolutionary process required for establishing a coexisting relationship between this parasite and its new host is lacking, both in time and in selective pressures because the selective disadvantage of being virulent is removed by apicultural practices aiming to control this damaging new mite pest. Therefore, studying natural selection host-parasite coevolution in this new host-parasite system has not been possible.
The Varroa mite is a highly specific parasite that relies completely on its host biology for its own survival and propagation. The mite feeds on bee hemolymph and reproduces in the brood cells of pupating bees. Moreover, the mite is an important component in the virulence of certain honey bee viruses, additional microparasites in this complex system of host-parasite interactions. In the absence of Varroa mites, honey bee viruses can occur as symptomless covert infections within a colony but when Varroa mites are present, a new transmission route is provided by this biological vector (Martin 2001; Shen et al. 2005; Gisder et al. 2009; de Miranda and Genersch 2010) . According to theories in evolutionary epidemiology, vector-borne transmission often results in more virulent infections (Ewald 1994) . As the mite population grows within a colony, increasing opportunities for transmission will lead to the development of overt viral infections that ultimately result in colony mortality within one to three years if the mite population is not reduced by beekeepers (Martin 2001; Boecking and Genersch 2008) . Therefore, the virulence of the mite is considered an indirect measure of its ability to vector these viruses. Consequently, the viruses with a newly acquired vectorial transmission route will become more virulent, as their virulence is in general a measure of mite abundance.
Apis mellifera races in Africa, A. m. scutellata, and in South and Central America, of African origin (Africanized bees), are exceptions to the eventual mortality associated with mite infestation (Rosenkranz 1999; Allsopp 2006) . Wild and feral colonies under natural selective pressures in these populations have evolved resistance and are able to pass traits to managed colonies through natural mating events (Rosenkranz 1999) . Unfortunately, the exact mechanisms involved in their resistance remain unclear. Wild and feral colonies are rare in Europe and North America since the introduction of the mite; however, a few subset populations of European honey bee races have been exposed to natural selective pressures of long-term mite infestation, as opposed to apicultural pressures or selective breeding programs. Remarkably, these "natural" populations have been sustainably surviving mite infestation for extended periods, some over 10 years, without mite control treatments (De Jong and Soares 1997; Rinderer et al. 2001; Kefuss et al. 2004; Fries et al. 2006; Le Conte et al. 2007; Seeley 2007) . These populations enable for the first time the possibility to study natural selection host-parasite coevolution between European honey bees and Varroa, though such studies have been lacking. Recently, the long-term survival despite mite infestation of one such population on the island of Gotland, Sweden, has been confirmed to be a host adaptation rather than reduced virulence of the mite (Fries and Bommarco 2007) and reduced mite reproductive success has been observed in this "natural" population (Locke and Fries 2011) . The question remains however, if other "natural" European honey bee populations have developed resistance to Varroa mites and if so, has the same mechanisms of adaptive resistance occurred.
The ability of a host to suppress the reproductive success and ultimately the population growth rate of a parasite has a strong adaptive value that would be an effective strategy toward establishing host resistance. Successful mite reproduction requires the maturation of at least two eggs laid by a reproducing mother mite inside the brood cell: a male mite and a sister female mite, which must mate before bee eclosion (Rosenkranz et al. 2010) . The male mite offspring will die when the bee hatches from the cell but any mated daughter mites will enter the colony's mite population along with their mother to find a new brood cell for reproduction.
The present study investigates mite resistance in a "natural" honey bee population in Avignon, France by examining mite reproductive parameters. This population has survived mite infestation without mite control treatment for an extended period of time (i.e., over 10 years; Le Conte et al. 2007) . Varroa mite reproductive parameters are compared to findings of a previous study on the Gotland population in Sweden by Locke and Fries (2011) to determine whether adaptive strategies to resist Varroa were similar or differed between geographically and genetically separate populations that are experiencing similar selective pressures.
Materials and Methods
Mite reproductive success is defined here as the ability of the mother mite to produce at least one viable mated female offspring before the developing bee pupa hatches as an adult. Within a mite's reproductive phase, a mother mite that lays no eggs, lays only one egg, produces no male offspring, or c 2012 The Authors. Published by Blackwell Publishing Ltd.
begins egg-laying too late in relation to larval development, will not contribute any progeny to the mite population.
Data for the Avignon population that has survived since 1999 were collected in September 2009 and July 2010 in France. Data from the mite-surviving population in Gotland, Sweden, used for comparison with the French population, were collected in July and August in both 2008 and 2009 (Locke and Fries 2011 . Both populations were compared first with mite-susceptible control colonies in the same location to determine any significant differences in the mite reproductive parameters. These control colonies were of different genetic background and receiving regular beekeeping management including Varroa population control treatment during the autumn before experimentation.
Detailed descriptions of the methods for investigating mite reproductive success are found in Locke and Fries (2011) . In short, worker bee pupae older than approximately 190 h (brown eyes and yellow body stage), but before pupal eclosion at approximately 280 h (Martin 1994) , were carefully removed in the laboratory. The developmental stage of each pupa was recorded based on the appearance description given by Martin (1994) . Complete mite families from cells infested with a single mother mite were removed using a fine brush, examined with a stereo-microscope and recorded.
In France, 430 cells infested by a single mother mite were examined in 16 Varroa-surviving colonies, and 211 such cells were examined in eight Varroa-susceptible control colonies. In Sweden, 614 cells were examined in 23 surviving colonies, and 592 cells were examined in 21 control colonies. Observations were most often of 30 cells per colony but varied between 10 and 35 cells with lower numbers for those colonies where not enough mite-infested cells were found. Within each pupal cell, the following parameters were recorded: the fertility (whether the mother mite laid eggs); the fecundity (number of eggs laid); the presence or absence of male offspring; the number of dead offspring; and the incidence of delayed egg-laying by mother mites (identified by relating the developmental stage of mite offspring to the developmental appearance, and thus the determined age, of the infested pupa). The yellow thorax stage of the pupae, that is, the earliest stage of pupal exocuticle sclerotization, is the longest stage ranging from approximately 190-230 h old. However, the male mite typically does not become an adult until the pupal age is around 210 h (Martin 1994) . Therefore, to eliminate biased recordings, any yellow thorax stage infested pupa where no adult male mite was observed was recorded as "uncertain" since immature male mites are extremely difficult to distinguish from early stage immature female mite offspring. Individual mite reproductive parameters recorded from France were compared to the results obtained in Sweden (Locke and Fries 2011) .
All statistical analyses were performed in SAS 9.1 for Windows. A mixed-effects model (SAS proc Mixed) was used to test the effects that surviving colonies compared to control colonies had on the proportion of successfully reproducing mites and individual mite reproductive parameters (α = 0.05). This model was also used to compare the mite reproductive parameters between the Avignon and Gotland populations. The random effects included in the model were date and location and a linear repeated-measures factor was used with the covariance structure selected according to Aikaike's information criteria (Littell et al. 1996) . The assumption of normality and equal variance was verified by analysis of residuals (Littell et al. 1996) .
Results
The average proportion of successfully reproducing Varroa mites was significantly lower in surviving colonies compared to control colonies in both Avignon, France (F 1,21.9 = 116.25, P < 0.0001; Fig. 2) , and in Gotland, Sweden (F 1,41.4 = 75.78, P < 0.0001; Fig. 2 ). Interestingly, a similar between-colony difference in mite reproductive success was found in Avignon (surviving vs. control colonies (x ± SE) 0.59 ± 0.02 vs. 0.90 ± 0.02, respectively) and in Gotland (0.48 ± 0.02 vs. 0.78 ± 0.02 for surviving vs. control colonies, respectively; Fig. 2 ). The random effects included in the statistical model, that is, date and location did not render significant differences in any of the comparisons.
Investigations of the individual parameters involved in the mite's overall reproductive success also revealed differences between surviving and control colonies at each location, as well as differences between the two mite-surviving populations (Table 1) . Although all the parameters rendered statistically significant differences between groups in each location, a few are highly significant and biologically interesting. In Avignon, the significantly high rates of infertility and secondly the high proportion of mites with delayed egg-laying seemed to be the most influential parameters in reducing the mite's reproductive success (Table 1) . In Gotland however, the proportion of mites with delayed egg-laying was the parameter most significantly different from control colonies with a high proportion of mite offspring mortality a secondary significant factor. Fecundity was lower in the surviving colonies in both locations but this parameter does not necessarily contribute to the mite's ability to reproduce successfully. Instead, it represents only the number of eggs laid without accounting for the age of the offspring or the likelihood of them reaching maturity. Therefore, fecundity may not be independent from the incidence of delayed egg-laying since any mother mite that begins laying eggs late may consequently lay fewer eggs.
Mite reproductive success was higher in the surviving population in Avignon than in the surviving population in Gotland (F 1,17.8 = 17.57, P = 0.0006; Fig. 2 ). However, comparing the two populations together shows significantly higher Table 1 . Mean values and standard errors (SE) of the different mite reproductive parameters investigated along with probability values of significant differences between the surviving colonies (SC) and control colonies (CC) within locations for each parameter investigated and probability values of significant differences between all surviving colonies and control colonies (between locations). Levels of significance are denoted with increasing number of asterisk. infertility rates and a lower mean fecundity in Avignon than in Gotland (Table 1 ). The mite reproductive success was also higher in the control colonies in Avignon than in the control colonies in Gotland (F 1,26 = 12.41, P = 0.0016; Fig. 2 ) and only delayed egg-laying was slightly significantly different in control colonies between locations. This result highlights that the surviving colonies in Avignon and in Gotland are unique from regular honey bee colonies and are distinctive from each other regarding the parameters involved in reduced mite reproductive success.
Within locations mean (SE), P

Discussion
In host-parasite interactions, host tolerance is defined as the ability to reduce the effect of the parasite, while host resistance is the ability to reduce the fitness of the parasite (Schmid-Hempel 2010). Until recently, the Avignon and Gotland populations have been considered tolerant to V. destructor since mites were still present but the damage of infestation was limited. In other words, colony mortality did not occur but the mechanisms behind the colonies' survival were not understood. Our study presents two honey bee populations that have in fact evolved resistant traits enabling them to reduce the mite's fitness, measured as reproductive success. Nevertheless, in most cases, resistance and tolerance are correlated (Lipstich et al. 1996; Schmid-Hempel 2010) .
Varroa mites are still present in these colonies at rates near the normal colony mortality thresholds and likely both tolerance and resistance may operate simultaneously to enable the long-term survival of these honey bee populations. In Avignon, France and in Gotland, Sweden, Varroa miteresistant honey bee colonies reduce the average reproductive success of their infesting mites by about 30% compared to local control colonies. Although these resistant populations are genetically unrelated and separated by over 2000 km, natural selection has in both cases resulted in the reduce reproductive success of this parasitic mite. The main cause of colony mortality related to high mite infestation is the virus infections vectored by the mite, particularly deformed wing virus for its close association with Varroa (Martin 2001; Boecking and Genersch 2008) . The ability to suppress the mite's reproductive success would delay or limit the mite's population growth within the colony. This would consequently also limit the virus infections to less effective transmission pathways that rarely lead to colony mortality, such as vertical transmission through infected honey bee eggs and/or horizontal transmission to larvae by nurse bees through infected food (Chen et al. 2006; de Miranda and Genersch 2010) . It is unknown what the observations from this study might mean for the evolution of the viruses.
From an evolutionary perspective, the Varroa mite's strict dependence on its host's biology causing a reduction in host fitness from parasitic infestation has imposed strong selective pressures leading to a coevolutionary arms race. In most cases of coevolution, parasites will have an evolutionary advantage above their host due to their faster evolution caused by a shorter generation time (Hafner et al. 1994; SchmidHempel 2010) . However, in this particular system, V. destructor is of clonal origin in Europe with low genetic variation (Solignac et al. 2005) . In addition, the honey bee has 10 times higher genetic recombination levels than any higher order eukaryote analyzed thus far (Beye et al. 2006) . These aspects may have provided the honey bee with an evolutionary advantage in the arms race with V. destructor, an arms race that possibly is in the hosts favor, with mite adaptations limited. A counter-adaptation could be expected according to coevolution theory (Thompson 1994; Schmid-Hempel 2010) but with the lack of genetic diversity among mites this may take a long time. On the other hand, the adapted resistance in these two honey bee populations has evolved incredible fast by natural selection.
Mechanistic explanations of the bees' ability to suppress mite reproductive success remain unknown. Both the Avignon and Gotland populations have experienced similar selection pressures of natural mite infestation that is unique compared to most other European honey bee populations due to apicultural management and both have evolved a similar colony-level mite-resistant trait. However, these populations have different life-history traits and different environmental factors that would also be involved in their adaptive responses to the mite pressure. The evolved mechanisms behind the ability to suppress reproductive success of mites may differ between these two distinct populations. In general, one may expect different traits to be favored in different populations living in distinct environments even with similar natural selection pressures, especially in traits involved in coevolutionary relationships (Thompson 1999) . Although the two populations have clearly both evolved the ability to reduce mite reproductive success, the between-population differences are less clear. Therefore, more detailed investigations are necessary to identify and tease apart the possible mechanistic differences.
A suggested mechanism involved in reducing the mite's reproductive success could be for example, the adult bee behavior known as Varroa-sensitive hygiene (VSH), which involves the uncapping or removal of mite-infested brood (Harbo and Harris 2005; Ibrahim and Spivak 2006) . It has been shown that bee colonies expressing this behavioral trait may selectively remove pupae with reproducing mites resulting in the remaining infested cells having a misrepresented higher proportion of infertile mites (Harbo and Harris 2005; Ibrahim and Spivak 2006) . This could potentially be a mechanism of the Avignon population, in light of the observed high mite infertility rates. Since the Gotland population does not demonstrate hygienic behavior (Locke and Fries 2011) nor had significantly high proportions of infertile mites, there is no reason to suspect that they are expressing VSH. Instead, the suppression of mite reproductive success in Gotland may be due to another mechanism, such as pupal volatile compounds that can inhibit the initiation of egg-laying of mites (Garrido and Rosenkranz 2003; Milani et al. 2004) .
Besides suppressing mite reproduction, both Varroaresistant European honey bee populations in this study also share the fact that they have been unmanaged, enabling natural selection (as opposed to artificial) to shape the evolution of their mite resistance. This is an important consideration since it highlights the impact that apicultural practices otherwise have on these host-parasite interactions (Fries and Camazine 2001) , suggesting a human interference in coevolution between species.
This tri-layered complex host-parasite system between honey bees (a multilevel organism with high genetic recombination rates), the Varroa mite (with a fast generation time but low genetic variation), and the viruses (vectored by Varroa) that infect both the bee and the mite (de Miranda and Genersch 2010), challenges basic coevolutionary theories and has not been fully exploited by evolutionary biologists as a model for host-parasite interaction theories. Our hope is to stimulate interdisciplinary research between apicultural studies and evolutionary biology to provide new insight into parasitic interactions of this system. A deeper understanding of how honey bee colonies naturally coevolve with parasites, and understanding the mechanisms and traits behind such coevolution, is necessary for establishing new optimal and long-term sustainable honey bee health management strategies in apiculture.
